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Abstract  
 
Many offshore wind turbines are supported by large diameter piles (known as monopiles) and 
are subjected to large number of cyclic and dynamic loads. There are evidences suggesting that 
foundation stiffness are changing with cycles of loading and this may lead to changes in the 
natural frequency of the system with the potential for unplanned system resonances. There are 
other consequences such as excessive tilt leading to expensive repair or even complete 
shutdown. Therefore, it is vital to understand the long-term response of wind turbine foundation 
so that a method to predict the change in frequency and tong term tilt could be established. This 
paper aims to present the experimental work of small scale physical modelling and Discrete 
Element Modelling (DEM) of the interaction between a monopile and the surrounding soil. 
Changes in soil stiffness under cyclic loading of various strain amplitudes were examined for 
both physical modelling and DEM. Micro-mechanics of soils underlying the soil stiffness change 
was investigated using DEM. Variation of force distribution along the mono-pile under cyclic 
loading was analysed to show the influence of mono-pile stability. 
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1. Introduction 
1.1 Background 
Offshore wind turbines are relatively new structures and are providing increasing proportion of 
energy. This is because of the fact that offshore sites are characterised by stronger and more 
stable wind conditions than the corresponding land sites and thus have a higher capacity factor 
when compared to equivalent onshore turbines.  
 
The design and construction of foundations for offshore turbines are challenging because of the 
harsh environmental conditions. Different types of foundations have been proposed: monopile, 
gravity base, jacket, suction caisson and anchors floating systems. However, most of the 
offshore turbines currently in operation (UK Round 1 development) are supported on driven 
monopiles with diameters ranging between 3.5 and 6 m. The choice of monopiles results from 
their simplicity of installation and the proven success of driven piles in supporting offshore oil 
and gas infrastructures. The available methods for designing monopiles for offshore wind 
turbines (e.g. the approach suggested by DNV, 2007) are based on the methods originally 
developed for the offshore oil and gas industry (API, 1993). Lombardi et al (2013) explains the 
obvious differences between offshore platform piles and monopiles and are summarised below: 
 
Piles for offshore structures are typically 60-110 m long and 1.8-2.7 m diameter; monopiles for 
offshore wind turbines commonly 30-40 m long and 3.5-6 m diameter. Degradation in the upper 
soil layers resulting from cyclic loading is less severe for offshore piles which are significantly 
restrained from pile head rotation, whereas monopiles are free-headed and more vulnerable to 
tilt.  A design method using a beam on non-linear Winkler springs (“p-y” method in API code or 
DNV code) may be used to obtain pile head deflection under cyclic loading, but its use is limited 
for wind turbines because: 
 
(i) the widely used API model is calibrated against response to a small number of cycles (maxi-
mum 200 cycles) for offshore fixed platform applications, e.g. Matlock (1970), O’Neil & 
Murchison (1983), Reese et al. (1975) Reese et al. (1974). In contrast, for a real offshore wind 
turbine 107-108 cycles of loading are expected over a lifetime of 20-25 years. 
 
(ii) under cyclic loading, the API or DNV model always predicts degradation of foundation 
stiffness in sandy soil. However, recent work by Bhattacharya and Adhikari (2011), Cuellar et al 
(2012), LeBlanc (2009) suggested that the foundation stiffness for a monopile in sandy soil will 
actually increase as a result of densification of the soil next to the pile. 
 
(iii) The ratio of horizontal load to vertical load is very high in offshore wind turbines when 
compared with fixed jacket structures. Therefore monopiles can be considered as moment 
resisting foundations. 
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1.2 Complexity of loads on the monopile 
 
The loads acting on the wind turbine tower are ultimately transferred to the foundation and can 
be classified into two types: static or dead load due to the selfweight of the components and the 
cyclic/dynamic loads arising from the wind, wave, 1P and 3P loads, for further details see Arany 
et al (2014). However, the challenging part is the dynamic loads acting on the wind turbine and 
the salient points are discussed below:  
 
(a) The rotating blades apply a cyclic/dynamic lateral load at the hub level (top of the tower) 
and is function of the turbulence of the wind. The magnitude of dynamic component depends on 
the turbulent wind speed component; 
 
(b) The waves crashing against the substructure apply a lateral load very close to the 
foundation. The magnitude of this load depends on the wave height and wave period, as well as 
the water depth; 
 
(c) The mass and aerodynamic imbalances of the rotor (blades) generates vibration at the 
hub level and apply lateral load. This load has a frequency equal to the rotational frequency of 
the rotor (referred to as 1P loading in the literature). Since most of the industrial wind turbines 
are variable speed machines, 1P is not a single frequency but a frequency band between the 
frequencies associated with the lowest and the highest rpm (revolutions per minute); 
 
(d) The blade shadowing effects (referred to as 2P/3P in the literature) also applied loads in 
the tower. This is a dynamic load having frequency equal to three times the rotational frequency 
of the turbine (3P) for three bladed wind turbines and two times (2P) the rotational frequency of 
the turbine for two bladed turbines. The 2P/3P loading is also a frequency band like 1P and is 
simply obtained by multiplying the limits of the 1P band by the number of the turbine blades. 
 
A calculation procedure is developed in Arany et al (2014) which can be easily carried out in a 
spreadsheet program. The output of such a calculation will be relative wind and the wave loads 
and an example is shown in Figure 1 where it is assumed that the wind and wave are perfectly 
aligned which is a fair assumption for deeper water further offshore projects (i.e. fetch distance 
is high). 
 
From the Kaimal spectrum as suggested in the DNV code, the peak frequency of the wind 
turbulence can be obtained theoretically. In the absence of site specific data, and for foundation 
design purpose, the time period for wind can be conservatively assumed to be acting at the hub 
level having a time period given by  (where LK is the integral length scale and U is the wind 
speed). Typical values are about 100s as shown in Figure 1. 
  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
5 
 
 
Therefore, one of the objectives of the paper is to study theoretically the soil-structure 
interaction on a monopile foundation for an asymmetrical loading as shown in Figure 1.  
 
1.2 Dynamic issues in offshore wind turbine design 
Offshore wind turbines are characterised by a unique set of dynamic loading conditions and are 
summarised as follows: 
 
(i) Environmental dynamic loads arising from the wind and waves. Figure 2 shows the plot of 
power spectral density of wind and wave loading around the UK coastline (particularly in the 
North Sea). The predominant wave frequency is 0.1 Hz, which corresponds to 10 second wave 
period. 
 
(ii) Rotor loading at a frequency which is commonly referred to as 1P. Figure 2 shows the rotor 
frequency for a 3.6 MW wind turbine having an operational range between 5 and 13 rpm, i.e. 
0.14-0.31 Hz. In the power spectral density plot the 1P frequency appears as a band.  
 
(iii) The blade passing frequency (3P or 2P for a three-bladed or two-bladed turbine 
respectively) is a forced loading generated from the effect of wind deficiency that occurs as 
each blade passes through the shadow of the tower. Figure 2 shows the blade passing 
frequency for the 3.6 MW wind turbine generator. 
 
From Figure 2 it may be observed that, in order to avoid the resonance of the system, the 
designed frequency of the overall system must be kept away from the frequency content of 
applied loads. Specifically, DNV (2002) suggests that the natural frequency of the wind turbine 
should be at least +/- 10% away from the 1P and 2P/3P frequencies. Bearing these 
considerations in mind, there are three possible slots where the natural frequency of the system 
may lie. They correspond to three different design approaches namely: soft-soft (natural 
frequency <1P), soft-stiff (natural frequency between 1P and 2P or 3P) and stiff-stiff (natural 
frequency >2P or 3P). The most common design, used for example in the Round 1 UK 
development, is “soft-stiff”, which implies that the natural frequency lies between 1P and 3P. 
Few points may be noted: 
 
(a) The natural frequency of 3 bladed wind turbines in soft-stiff design is very close to forcing 
frequency due to 1P and 3P. 
 
(b) Any change in natural frequency either an in-crease or a decrease will have adverse 
consequences on fatigue life of the wind turbine system. 
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(c) It is well known that under the action of cyclic/dynamic loads most soils changes its 
properties. Depending of the frequency and amplitude of loading, the soil may stiffen or soften. 
Stiffness of a monopile to large extent is dependent on the stiff-ness of the soil and therefore 
the impact of large number of cycles on the monopiles needs to be evaluated. 
 
The next section of the paper collates the research carried out on dynamic soil-structure 
interaction along with field evidences. 
 
2. Dynamic soil-structure interaction in offshore wind turbines 
2.1 Summary based on scaled model tests 
 
Extensive research has been carried out by Bhattacharya et al (2013a, 2013b), Yu et al (2015) 
and Lombardi et al (2013) to study the effects of cyclic loads on the first natural frequency of 
wind turbines. Tests were carried out on different types of foundations: mono-piles, jackets, 
multiple pods. A typical test consists of the application of the cyclic loading for a particular time 
interval (or certain number of cycles) and then measuring the frequency and damping of the 
system by a free vibration test. The cyclic loading was applied through an actuator. However, 
during the free vibration test (also known as a “snap back” test in the literature), the actuator 
was disconnected from the tower and the tower was given a small amplitude vibration and the 
acceleration of the system recorded. The cyclic lateral loading was applied at different 
frequencies and for different lateral load magnitudes.  This set of tests created a database of 
change of frequency and damping of the wind turbine system for different values of: 
 
(a) strain field in the soil next to the pile:  This is expressed in Figure 3 by a non-dimensional 
group (P/GD2) where P is the lateral load, G is the Shear Modulus of the Soil and D is the pile 
diameter. Further details on the scaling relations can be found in Bhattacharya et al (2011) and 
Lombardi et al (2013).   
(b) forcing frequency imposed by the different dynamic loads 
(c) number of cycles of loading 
 
Figure 3 shows one such graph obtained from scaled model test studies by Bhattacharya 
(2013a) and Yu et al (2015) on monopiles where the observed change in natural frequency is 
plotted with number of cycles for various levels of strains in the soil next to the pile. The main 
observations from the tests are as follows: 
 
(a) For strain-hardening sites (for example, loose to medium dense sand) where the stiffness of 
the soil increases with cycles of loading, the natural frequency of the overall system will 
increase possibly due to densification.    
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(b) For strain-softening sites (clay sites) where the stiffness of the soil may decrease with cycles 
of loading, the natural frequency of the overall sys-tem will also decrease correspondingly. Of 
course, this depends on the strain level in the soil next to the pile and the number of cycles. 
 
Lombardi et al (2013) established a link between the strain of the soil next to the pile as 
observed in the mechanism (P/GD2) with "threshold strains" from element testing. This allows 
designers to choose pile diameter to avoid the stiffness degradation. 
 
2.2 Field evidences of dynamic soil-structure interaction 
There are some field evidences of dynamic soil-structure interaction and they are briefly 
discussed below: 
 
(a) Natural frequency was measured for a wind tur-bine structure in Hornsea wind farm where it 
was observed that the natural frequency decreased from 1.23 Hz to 1.13Hz after 3 months of 
operation, Lowe (2010). 
 
(b) It has been observed that there is an increasing scatter in the observed natural frequency at 
higher wind speeds. Higher wind speed will lead to higher strain in the soil next to the pile and 
there-fore higher P/GD2 leading to higher soil-structure interaction.  
 
(c) Kuhn (2000, 2002) reported that target design frequency for Lely wind farm of 0.4 increased 
to 0.63Hz after 6 years of service.   
 
While the field studies provides anecdotal evidence of the change in system frequency and 
small scale tests provides the overall understanding, DEM modelling of the problem is carried 
out to better understand the monopile-soil interaction. The next section of the paper describes 
the modelling technique, results obtained from the simulation. 
 
3 Numerical analyses using DEM modelling 
3.1 Description of DEM model 
Numerical simulations were performed to investigate the underlying mechanism for the soil 
stiffness changes surrounding the wind turbine mono-pile. The Discrete Element Method (DEM) 
was found to be more appropriate than other numerical methods (e.g. FEM) as it allows the 
direct monitoring of change in soil stiffness, and more importantly it offers a method to analyse 
the micromechanics, which underlies the stiffness changes. Originally proposed by Cundall and 
Strack (1979), DEM simulates granular materials as assemblies of individual particles which 
respond to given load conditions. The interactions between particles are simulated by contact 
laws, where the normal and tangential contact forces are dependent on the overlap and relative 
displacement between two contact particles. In the current study, the elastic Hertz–Mindlin 
contact model (Mindlin and Deresiewicz 1953) is adopted. The contact forces, accelerations, 
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velocities and displacements of all particles are updated in each small time-step using the 
central difference time integration method. Stresses and strains are then calculated from the 
contact forces within a representative volume element (RVE) or along a boundary. An open-
source DEM code modified and validated in previous studies (Cui 2006, Cui et al 2007, 
O’Sullivan et al 2008) was used to perform the presented study. 
 
To simulate the soil stiffness changes, a DEM model of a soil tank (100mm × 100mm × 50mm) 
was firstly created. The soil tank was filled by about 13,000 spherical particles with radii in the 
range of 1.1-2.2 mm. The particles were deposited under gravity. The pile is 20mm in diameter 
and was embedded to a depth of 40mm by removing particles located in the space which was 
to be occupied by the pile. Particles were allowed to settle down again following the installation 
of the pile.  The current work aims to obtain qualitative characteristics of soil behaviours for 
investigations of micromechanics, not to quantitatively reproduce the model tests. Therefore, 
this study used large particle sizes, which may cause size effect. Once the soil particles were 
settled down in the soil tank, cyclically horizontal movements were assigned to the pile to 
simulate the cyclic movements of OWT mono-pile due to the cyclic loadings. Translational 
movements rather than rotational movements were assigned to the pile at this stage. Rotational 
movement will be simulated in the future study to differentiate the effects. Three different strain 
amplitudes, 0.1%, 0.01% and 0.001%, were chosen to examine the effects of strain levels. For 
each strain amplitude, two types of cyclic loading were applied: symmetric cyclic loading with 
stains in the ranges of (-0.1%, 0.1%), (-0.01%, 0.01%) and (-0.001%, 0.001%) and asymmetric 
cyclic loading with stains in the ranges of (0, 0.2%), (0, 0.02%) and (0, 0.002%). As constrained 
by the computational costs, 500 cycles were simulated for strain amplitude of 0.1% and 1000 
cycles were simulated for other strain amplitudes. The current simulation for 0.1% strain 
amplitude required about one month in computational time. The simulation parameters are 
listed in Table 1. 
 
3.2 Stress-strain response and damping ratio 
The resultant horizontal stress applied on the pile versus the horizontal strain of soil is illustrated 
in Figure 4. As shown in Figure 4, the stress-strain curves forms hysteresis loops, indicating the 
energy dissipations during the cyclic loading. It is also observed that the areas of the hysteresis 
loops increase with strain amplitude, indicating greater energy dissipation. The hysteresis 
damping ratio, α, can be determined by the expression (Karg 2007). 


A
A


4
          1. 
where A is the area of hysteresis loop, representing the energy dissipated, and AΔ is the area of 
the triangle as indicated in Figures 4(a) and 4(b), representing elastic energy stored in the soil 
during one load cycle. The variation of the damping ratio during cyclic loading is illustrated in 
Figure 5. The damping ratio for the strain amplitude of 0.01% oscillated about a constant value. 
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However, it is obvious that the damping ratio for the strain amplitude of 0.1% decreased 
dramatically in the first 30 cycles and then oscillated about an approximately constant value. 
The damping ratios for asymmetric cyclic loading are much lower than those for corresponding 
symmetric cyclic loading, due to the higher elastic energy stored in each cycle.  
It is also interesting to observe that, though the stresses in the first half cycle for the asymmetric 
cyclic loading is positive, it reduced to negative when the strain goes to zero. Following a few 
cycles, the minimum negative stress approaches the same magnitude as the maximum positive 
stress. Moreover the magnitude of stresses and the shape of the hysteresis loops for both 
symmetric cyclic loading and asymmetric cyclic loading are almost identical after many cycles. 
The system under asymmetric cyclic loading behaves the same as symmetric cyclic loading with 
the same strain amplitude after many cycles, indicating that the strain amplitude, rather than the 
maximum strain, dominates the long term cyclic behaviour.  
 
3.3 Evolution of stiffness  
The secant Young’s Modulus of soil in each cycle was calculated by determining the slope of a 
line connecting the maximum and minimum points of each full loop. It is evident from Figure 4 
that the secant Young’s Modulus of soil increased during the cyclic loading. A clearer evolution 
of secant Young’s Modulus is shown in Figure 6. At strain amplitude of 0.1%, Young’s Modulus 
increases dramatically from 250 kPa to around 600 kPa for symmetric cyclic loading and from 
130 kPa to around 600 kPa for asymmetric cyclic loading. At strain amplitude of 0.01%, the 
Young’s Modulus increases quickly in the first few cycles and then only increases slightly to 
about 1100 kPa. At strain amplitude of 0.001%, Young’s Modulus only increases initially then 
mobilises at constant value at 1500 kPa. The initial stiffness of asymmetric cyclic loading is 
lower than that of symmetric cyclic loading with the same strain amplitude due to higher 
maximum strain applied. However, following a few cycles, the stiffness for both types of cyclic 
loading approaches the same values, confirming the observations from the stress-strain 
responses.  
 
The Young’s Modulus versus horizontal strain in the first half cycle and in the 500th cycle for 
strain amplitude of 0.1% was shown in Figure 7. The stiffness-strain curve in the first cycle 
displays the similar “S” shape as expected for the shear modulus-shear strain curve. Following 
cyclic loadings, stiffness at different strain level all increases significantly. At strain amplitude of 
0.01% and 0.001%, stiffness also increases but at a much smaller scale as indicated in Figure 
6. 
 
3.4 Convective granular flow 
In the model test, ground settlements around the mono-pile could be observed. To illustrate the 
ground settlement, plots of incremental soil particle displacements in the asymmetric cyclic 
loading with strain amplitude of 0.1% in the first 100 cycles and in the next 100 cycles are given 
in Figure 8. The soil particle displacements in the asymmetric cyclic loading with strain 
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amplitude of 0.01% were also illustrated for comparison. Each arrow in the plot starts from the 
original centre of a particle and ends at the new centre at the end of a given cycle. It is evident 
that soil particles surrounding the pile moved downwards, causing ground settlement. Soil 
densification around pile is the main reason causing the increase of soil stiffness. It also clear 
that the soil particle displacements are only significant in the first 100 cycles, underlying the 
significant increase in the soil stiffness in the first 100 cycles. The soil particle displacements for 
strain amplitude of 0.01% are less remarkable, corresponding to less reduction in soil stiffness.  
 
It is also evident that only soil particles in an inverted triangular region enclosing the mono-pile 
have noticeable convective displacements. This is because that the vertical effective stress in a 
soil body increases linearly against depth, which imposes increasing constraint on particle 
movement against depth. Cuellar et al (2012) performed physical tests of cyclic rotation of a pile 
and observed the granular convective flow and soil densification around the pile. The shape of 
the convective soil volume observed by them is similar to the region where the soil particle 
displacements were concentrated in the current DEM simulations. In the current DEM 
simulations, samples with same initial void ratio of 0.539 (medium dense sample) all showed 
densification behaviour and stiffness increase under cyclic loading. It would be interesting to 
investigate soil behaviours and stiffness evolutions for a wide range of initial void ratios in the 
future study.  
 
3.5 Contact stresses and forces 
3.5.1  Average radial stresses 
The evolution of average radial stress on the pile at the end of each cycle was depicted in 
Figure 9. Due to the soil densification, the radial stress increased significantly for strain 
amplitude of 0.1% under cyclic loading, reached a peak value and then mobilised about a 
constant value. Increased radial stress would increase the side friction and improve the shaft 
resistance. The increase in the radial stress is less remarkable for smaller strain amplitude due 
to smaller particle displacements. The evolutions of average radial stress in representative 
cycles are illustrated in Figures 10. The shapes of the radial stress-strain curves are quite 
different for different strain amplitude. For symmetric cyclic loading with 0.01% strain amplitude 
(Figure 10(c)), the radial stress increases at positive strain values, but decreases slightly at 
negative strain values. However, for 0.1% strain amplitude (Figure 10(a)), the radial stress 
increases at both positive and negative strains, forming a “butterfly” shaped curve. It is also 
interesting to observe that, for the asymmetric cyclic loading (Figure 10(b)), the stress-strain 
response in the first few cycles is different from that in the correlated symmetric cyclic loading, 
However, it eventually evolves to the same “butterfly” shape after many cycles. It confirms again 
that the influence of different maximum strain of a cyclic loading can be eliminated after many 
cycles and the dominant factor for cyclic soil response is strain amplitude. A comparison 
between the patterns of convective particle flow were made, however, no noticeable difference 
can be identified between the particle flow patterns, in another word, particle flow is not the 
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main reason contributing to the change in the shape of the radial stress-strain curves for 
symmetric cyclic loading. Further study will seek the underlying mechanism from the 
perspective of micro-structure/fabric of particles. 
Asymmetric response of radial stresses may suggest unbalanced radial stresses at both sides 
of the pile. Further investigation on the unbalanced horizontal forces is provided as follows. 
 
3.5.2  Unbalanced horizontal force 
As shown in the hysteresis loops formed by the cyclic stress-strain curves in Figure 4, at the 
end of each cycle, the stress does not returned to zero but builds up gradually. The evolution of 
unbalanced horizontal force at the end of each cycle is illustrated in Figure 11. It is evident that 
the unbalanced horizontal force is more significant with increasing strain amplitude. It can also 
be seen that the unbalanced force for asymmetric cyclic loading is much larger in magnitude 
and is oriented in the opposite direction compared with that for symmetric cyclic loading. It is 
because that for asymmetric cyclic loading, pile only moves to the right side and compresses 
the soils on the right side significantly, therefore the horizontal force on the pile at the end of 
each cycle is oriented to the left. However, for the symmetric cyclic loading, the pile compressed 
the soils on both sides to the same strain level. At the end of a full cycle, the residual horizontal 
force is oriented to the right. By referring to Figure 4(a) and 4(b), it can be understood clearly 
that the end of a symmetric loading cycle is in the middle of a hysteresis loop, but the end of an 
asymmetric loading cycle is at the left corner of the hysteresis loop, even though the stress 
magnitudes for both hysteresis loops are approximately the same. Therefore, although the 
asymmetric cyclic loading does not cause different dynamic soil responses (stress-strain 
curves) from the symmetric cyclic loading during the cyclic loading, it does build up greater 
unbalanced horizontal force, which will cause excessive tilt and undermine the stability of the 
mono-pile more significantly in the long term. In the current study, monopile was driven to move 
by a pre-defined constant velocity. It is more realistic to simulate the free-motions of monopile 
under the action of resultant external force/moment, including the interaction force/pressure 
between the monopile and the soil. It will be the next objective of our future work. 
 
4. Conclusions 
The DEM simulations and small scale tests provide good understanding on soil-structure 
interaction of foundations of offshore wind turbines. Various features observed in model tests 
could also be replicated in DEM studies and thus provides confidence in the small scale 
physical model tests. The following conclusions could be drawn from the study. 
 
 Stiffness of granular soils increases under cyclic load. Therefore the stiffness of 
monopiles founded in granular material is expected to increase with cycles of loading 
and this increase may cause a change in natural frequency of the wind turbine system. 
It may be concluded that a "soft-stiff" will move towards the 3P frequency. It is 
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necessary for designers to predict the change in frequency which is essential to predict 
the fatigue life. 
 The convective soil flow and the soil densification surrounding the mono-pile is the main 
reason underlying the increase of stiffness. These phenomena are more significant with 
increase strain amplitude. 
 Due to the soil densification, the average radial stress on the pile, thus the shaft 
resistance of the pile increases under cyclic loading. 
 The asymmetric cyclic loading applies larger maximum strain to soil, which results in 
higher stress in the first cycle; however, the difference in the magnitudes of stresses 
and the shape of stress-strain curves between asymmetric cyclic loading and symmetric 
cyclic loading eliminates quickly under cyclic loading. The long-term governing factor for 
the dynamic stress-strain response is the cyclic strain amplitude. 
 The asymmetric cyclic loading builds up greater unbalanced horizontal force, which will 
undermine the stability of the mono-pile more significantly in the long term. 
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Tables 
Table 1 Input parameters for DEM simulation  
Parameters Value 
Soil particle density ρs (kg/m3) 2650  
Particle sizes (mm) 1.1, 1.376, 1.651, 1.926, 2.2 
Inter-particle frictional coefficient μ 0.3 
Particle-boundary frictional coefficient μ 0.1 
Gs (Hertz-Mindlin contact model) 2.868×107 
Poisson’s ratio 0.22 
Initial void ratio e 0.539 
 
Figure captions  
Figure 1. Mudline moment (wind and wave load) acting, wind and waves 
Figure 2. Forcing Simplified power spectral density of the forcing frequencies applied to typical 
three-bladed 3.6MW offshore wind turbine with an operational interval in the range of 0.14-
0.31Hz (5-13rpm) (Lombardi, 2013) 
Figure 3. Observed change in natural frequency with number of cycles for different strain level 
in the soil around the pile (after Bhattacharya (2013a) and Yu et al (2015)) 
Figure 4. Hysteresis loops formed by stress-strain curves during cyclic loadings: (a) Strain (-
0.1%, 0.1%); (b) Strain (0, 0.2%); (c) Strain (-0.01%, 0.01%); (d) Strain (0, 0.02%); (e) Strain (-
0.001%, 0.001%); (f) Strain (0, 0.002%) 
Figure 5. Hysteresis damping ratio at the end of each cycle 
Figure 6. Secant Young’s Modulus of soil at the end of each cycle: (a) Symmetric cyclic loading; 
(b) asymmetric cyclic loading 
Figure 7. Secant Young’s Modulus versus horizontal strain 
Figure 8. Incremental soil displacements at the end of the given cycle (Unit: mm): (a) Strain (-
0.1%, 0.1%), 1st-50th cycles; (b) Strain (-0.1%, 0.1%), 51th-100th cycles; (c) Strain (-0.01%, 
0.01%), 1st-1000th cycles 
Figure 9. Evolution of average radial stress on the pile at the end of each cycle:  
Figure 10. Evolution of average radial stresses in representative cycles: (a) Strain (-0.1%, 
0.1%); (b) Strain (0, 0.2%); (c) Strain (-0.01%, 0.01%) 
Figure 11. Evolution of unbalanced horizontal force on the pile at the end of each cycle 
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Figure 1 Click here to download Figure Figure1.tif 
Figure 2 Click here to download Figure Figure2.tif 
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